
AFRL-AFOSR-JP-TR-2017-0038

Characteristics and sources of the electron density irregularities in the mid-latitude E and F
regions

Youngsil Kwak
KOREA ASTRONOMY&SPACE SCIENCE INSTITUTE

Final Report
05/10/2017

DISTRIBUTION A: Distribution approved for public release.

AF Office Of Scientific Research (AFOSR)/ IOA
Arlington, Virginia 22203

Air Force Research Laboratory

Air Force Materiel Command



Final Report for AOARD Grant 144004 (FA2386-14-1-4004) 

“Characteristics and sources of the electron density irregularities 

in the mid-latitude E and F regions” 

01 May 2017 

Name of Principal Investigators (PI and Co-PIs): Young-Sil Kwak (PI), Jaeheung Park, Tae-Yong 

Yang, Young-Sook Lee, Jong-Min Choi, and Woo Kyoung Lee 

- e-mail address : yskwak@kasi.re.kr 

- Institution : Korea Astronomy and Space Science Institute 

- Mailing Address : 776, Daedeokdae-ro, Yuseong-gu, Daejeon, Republic of Korea 305-348 

- Phone : +82-42-865-2039 

- Fax : +82-42-861-5610 

Period of Performance : Dec/04/2013 – Apr/30/2017 

AOARD Program Manager : Dr. Seng Hong 

Abstract: 

A new 40.8 MHz coherent scatter radar was built in Daejeon, South Korea (36.18ºN, 127.14ºE, 

dip latitude: 26.7ºN) on 29 December 2009, and has since been monitoring the occurrence of 

field-aligned irregularities (FAIs) in the northern middle latitudes. We investigated the characteristics 

and occurrence climatology of the FAIs in the middle latitude E- and F-region ionosphere using the 

Daejeon VHF radar data. Depending on the manner of occurrence of the backscatter echoes, the 

E-region echoes are largely divided into two types: quasi-periodic (QP) and continuous echoes. The 

QP-type echoes occur more frequently than the continuous-type echoes do and the echo intensity of 

the QP type is stronger than that of the continuous type. It is found that E-region irregularities occur 

maximum in summer during both nighttime and daytime and they are mainly observed in the 

post-sunset and post-sunrise periods. The F-region FAIs in the mid-latitude are bounded to occur 

during the nighttime between local sunset and sunrise [J. Astron. Space Sci., 31(1), 15-23, 2014]. 

The F-region FAIs preferentially occur around 250–350 km at 18:00–21:00 local time (post-sunset 

FAI), around 350–450 km near midnight (nighttime FAI), around 250–350 km before sunrise 

(pre-sunrise FAI), and around 160–300 km after 05:00 local time (post-sunrise FAI). The occurrence 

rates of nighttime and pre-sunrise FAIs are maximal during summer, though the occurrence rates of 

post-sunset and post-sunrise FAIs are maximal during the equinoxes. FAIs rarely occur during local 

winter. The occurrence rate of F-region FAIs increases in concert with increases in solar activity. 

Medium-scale traveling ionospheric disturbances (MSTIDs) are known as an important source of the 

F-region FAIs in middle latitudes. The high occurrence rate of the nighttime FAIs in local summer is 

consistent with the high occurrence rate of MSTIDs in that season. However, the dependence of the 

FAI activity on the solar cycle is inconsistent with the MSTID activity. The source of the F-region 

FAIs in middle latitudes is an open question. Our report of different types of FAIs and their 

occurrence climatology may provide a useful reference for the identification of the source of the 

middle-latitude FAIs [J. Geophys. Res., 120, 10,107–10,115, 2015]. 

We present, for the first time, the statistical characteristics of the mid-latitude afternoon E-region 

FAIs based on the continuous and long-term Daejeon radar observations. Echo signal-to-noise (SNR) 

of the afternoon E-region FAIs is found to be as high as 35 dB, mostly occurring around 100-135 km 

altitudes. Most spectral widths of the afternoon echoes are close to zero indicating that the 

irregularities during the afternoon time are not related to turbulent plasma motions. It is observed that 

the occurrence of the afternoon E-region FAIs has strong seasonal variations with maximal occurrence 

in summer and minimal occurrence in winter season. And, we investigate the afternoon E-region FAIs 

- Sporadic E (Es) relationship. It is shown that the virtual height of Es (h’Es) falls mostly in the height 

range of 105-110 km and these heights are 5-10 km greater than the FAI bottom side. No relation is 

found between FAIs SNR and top frequency (ftEs) (or blanketing frequency (fbEs)). SNR of FAIs, 

however, is found to be related well with (ftEs - fbEs). [submitted to ASR]. 
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Introduction: 

Electron density irregularities in the ionosphere lead to the diffraction of radio waves, which can 

be responsible for scintillation, fading, and the disruption of propagating signals. Significant efforts 

have been made to establish information on the occurrence climatology of such irregularities, to 

understand the onset conditions of such irregularities, and to predict or avoid the impact of these 

irregularities on society. Such electron density irregularities in the ionosphere exhibit an anisotropic 

distribution with respect to Earth’s magnetic field owing to the elongated nature of the irregularities 

along the field lines. For this reason, the ionospheric electron density irregularities are often referred 

to as field-aligned irregularities (hereafter abbreviated simply as “(FAIs)”). 

Extensive studies of E-region FAIs have been made in the equatorial [e.g., Fejer and Kelley, 1980], 

low-latitude [e.g., Patra and Rao, 1999] and auroral regions [e.g., Haldoupis, 1989] with radars and in 

situ measurements. In middle latitudes, investigation of E-region FAIs was started with the 

observation of sporadic E (Es) at an altitude of ~105 km with a portable 50-MHz Doppler radar on the 

island of Guadeloupe in French West Indies near Arecibo, Puerto Rico [Ecklund et al., 1981]. In the 

last two decades, intensive efforts have been made in both observation and theory to better understand 

E-region FAIs at middle latitudes using the 46.5 MHz Middle and Upper atmosphere (MU) radar at 

Shigaraki (34.89°N, 136.10°E, 25.7°N dip latitude) in Japan [e.g., Fukao et al., 1991]. Investigations 

using observations from the MU radar have revealed the important features and characteristics of 

mid-latitude E-region FAIs. From MU radar observations, Yamamoto et al. [1991] first recognized 

two types of radar echoes in the middle-latitude E region: “quasi-periodic (QP)” echoes appearing 

intermittently at altitudes above 100 km with periods of 5-20 min from post-sunset time to midnight 

and “continuous” echoes appearing continuously at altitudes of 90-100 km mainly during the 

post-sunrise period. A number of efforts have been carried out to investigate the generation 

mechanism of the post-sunset QP echoes in middle latitude. The generation mechanism of the QP 

echoes was proposed by Woodman et al. [1991]. They pointed out that atmospheric gravity waves 

could modulate Es layers to keep the plasma unstable and could explain the quasi-periodicity. 

Tsunoda et al. [1994] modified the theory of Woodman et al. [1991] and suggested a polarization 

electric field that originates from a spatial modulation of an Es layer due to a gravity wave. The SEEK 

(Sporadic-E Experiment over Kyushu) [e.g., Fukao et al., 1998; Tsunoda et al., 1998; Yamamoto et al., 

1998] and SEEK-2 (Sporadic-E Experiment over Kyushu-2) [e.g., Saito et al., 2005; Yamamoto et al., 

2005] were conducted in order to reveal the generation mechanism of QP echoes in the mid-latitude 

Es layers. From both campaign, it was found that polarization electric fields were induced from the Es 

layer with QP echoes, mapped upward along the geomagnetic field, and played an important role in 

determining the structures of the whole ionospheric E region. Otsuka et al. [2007] reported that the 

electric fields associated with the F region medium-scale traveling ionospheric disturbances 

(MSTIDs) could be closely coupled to those associated with QP echoes in the E region, from 

simultaneous observations of VHF radar backscatter from FAI in the E region and MSTIDs in 630-nm 

airglow images. 

The study of F-region FAIs in the middle latitudes has been conducted using the observations of 

the MU radar [Fukao et al., 1985a, b]. The MU radar observations have been used to investigate the 

FAI structure, and to compare with other observations. In the MU radar observations reported by 

Fukao et al. [1991], the FAIs appeared as patches and extended vertically in the altitude range of 220 

and 500 km. Strong backscatter echoes were observed in the patches that displayed positive Doppler 

velocity. Fukao et al. [1991] investigated the local time (LT) distribution of the F-region FAIs using 

the MU radar data acquired during 6–17 June 1987. Their results showed the occurrence of the FAIs 

between 21:15 and 04:30 LT. The emergence (21:15 LT) and cease (04:30 LT) times of the FAIs were 

close to the sunset time of the local F region and sunrise time of the local E region, respectively. The 

occurrence rate of the FAIs maintained about 50% at 22:15–04:00 LT. Fukao et al. [1991] briefly 

described the decreasing tendency of the occurrence rate of the F-region FAIs with an increase in 

solar activity, as well as a more frequent occurrence of FAIs near the June solstices as compared with 

other seasons; however, their study was not extended to the quantitative investigation of the 

occurrence climatology. 

As mentioned above, our understanding of the middle latitude E- and F-region irregularities was 

enriched by the observations of the MU radar. Because of limitation for the number of observations of 
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such irregularities due to operation on a campaign basis, however, the observations of E- and F-region 

FAIs from MU radar as far have only been reported episodically without any particular occurrence 

statistics and are not sufficient for the investigation of the occurrence climatology, consistency and 

recurrence of middle-latitude FAIs, which require long-term observational data. A very high 

frequency (VHF) coherent scatter radar was built in Daejeon, South Korea (36.18°N, 127.14°E, 

26.7°N dip latitude) on 29 December 2009 in order to continuously monitor the electron density 

irregularities in the E and F regions in the northern middle latitudes. We investigate the characteristics 

and occurrence climatology of the FAIs in the middle latitude E- and F-region ionosphere using the 

continuous and long-term Daejeon radar observation data. Meanwhile, no the afternoon (i.e., from 

noon to sunset time) E-region FAIs in middle latitude have been reported yet. Therefore, for the first 

time, we report the afternoon observations of the mid-latitude E-region FAIs made by the Daejeon 

radar. We present the statistical characteristics of the mid-latitude afternoon E-region FAIs based on 

the continuous and long-term radar observations. And, to investigate the afternoon E-region FAIs - Es 

relationship, the FAIs have been also compared with Es parameters based on observations made from 

an ionosonde located at Icheon (37.14°N, 127.54°E, 27.7°N dip latitude), which is 100 km north of 

Daejeon. 

 

 

Experiment: 
 

A VHF coherent scattering radar was built at Daejeon (36.18°N, 127.14°E, 26.7°N dip latitude) in 

South Korea aiming at continuous monitoring of middle-latitude FAIs in the Far East Asian sector. 

The Daejeon VHF radar is operated at a frequency of 40.8 MHz and with a peak transmitting power of 

24 kW. The basic parameters and the technical specifications of the radar are listed in Table 1. The 

antenna system, occupying an area of 85 m × 40 m, is a phased array of 12 × 2 five-element Yagi 

antennas. To detect the coherent backscatter from the E- and F-region irregularities, the radar beam is 

oriented at a 48° zenith angle due magnetic north, which satisfies the field perpendicularity condition 

at the E- and F-region heights. Half-power full beam widths in azimuth and zenith directions are 10° 

and 22°, respectively. Except for some limited periods, the radar has been in continuous operation 

since 29 December 2009. The signal-to-noise ratio (SNR), Doppler velocity, and spectral width data 

in the E and F regions are recorded every minute. Table 2 lists the observational mode for the E- and 

F-region FAIs. The inter-pulse period (IPP) for the E- and F-region experiments are 2.5 and 6.6 ms, 

respectively, and the pulse widths are 6 and 32 μs, respectively. The range resolutions of the VHF 

radar measurements for the E and F regions are 900 m and 4.8 km, respectively. The FAIs detected by 

the 40.8 MHz radar correspond to a scale size of 3.68 m (half wavelength of the transmitted pulse). 

 

 

Table 1. Specifications of the VHF ionospheric radar at Daejeon. 

Parameter Value 

Latitude 

Longitude 

Magnetic latitude 

Antenna 

 

Frequency 

Peak power 

Band width 

Beam direction 

Beam width 

36.2ºN 

127.1ºE 

26.7ºN 

12×2 array of 

5-element Yagi antennas 

40.8 MHz 

24 kW 

170 kHz 

−6.5º (azimuth angle), 48º (zenith angle) 

10º horizontally, 22º vertically 

 

Table 2. Observational mode for E- and F-region FAIs. 

Parameter E-region FAIs  

Pulse repetition frequency 

Interpulse period 

Pulse width 

Range resolution 

400 Hz 

1.5 ms 

6 μs 

900 m 

150 Hz 

6.6 ms 

32 μs 

4.8 km 

 

DISTRIBUTION A. Approved for public release: distribution unlimited.



 

Our VHF radar consists of a transmitter, transceiver, and two-computers for analysis and 

acquisition. Raw data is acquired at 14 bit sampling resolution and ±2V input range. The complex 

time series of the decoded and integrated raw data signal samples are subjected to the process of fast 

Fourier transform for on-line computation of the Doppler power spectra for each range bin of the 

selected range window. The processing of these Doppler power spectra involves the removal of DC, 

the estimation of the average noise levels, the removal of interference, incoherent integration, and the 

computation of the three low-order moments. As a method of post-analysis for the raw data, 

Ionospheric Doppler Beam Steering (IDBS) analysis provides estimates of the Doppler velocity, 

spectral width, signal-to-noise ratio (SNR), and power for a number of transmitted beam directions. 

IDBS analyzed data are written to a Solid State Drive disk in a binary format. During continuous data 

acquisition, each analyzed data file begins at 00:00 universal time (UT). 

 

During the radar observation periods, ionograms at every 15-min interval have been obtained 

using a digital ionosonde, having a sweep frequency range from 1 to 20 MHz, operated routinely from 

Icheon (37.14°N, 127.54°E, 27.7°N dip latitude), which is 100 km north of Daejeon. We obtained 

three parameters of Es: virtual height of Es (h’Es); top frequency (ftEs), the maximum frequency at 

which the E-region echoes are observed; and blanketing frequency (fbEs), the lowest frequency at 

which the F-layer echoes are observed. 

 

Figure 1 shows the view of the Daejeon radar site. Figure 2 illustrates the geometry of the Daejeon 

radar and Icheon ionosonde experiments. The locations of the radar and ionosonde are marked with a 

black dot and a black square, respectively. The ground loci of the geomagnetic field lines corresponds 

to the altitudes perpendicular to the radar beam. The number 200, for example, indicates the ground 

footprint of the geomagnetic field line that is perpendicular to the radar ray path at an altitude of 200 

km. 

 

 

 

 
 

Figure 1. The view of the Daejeon 40.8 MHz VHF radar site. 
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Figure 2. Map showing the locations of the Daejeon coherent scatter radar and the Icheon 

ionosonde in South Korea. 

 

 

 

Results and Discussion: 
 

(1) Characteristics of the E- and F-region field-aligned irregularities in middle latitudes: Initial 

results obtained from the Daejeon 40.8 MHz VHF radar in South Korea [J. Astron. Space 

Sci., 31(1), 15-23, 2014]. 

    

We have been operating the radar to study ionospheric FAIs since its installation in December 

2009. Data were collected in the power spectral form and stored for post-analysis. Later, spectral 

characteristics were parameterized in terms of signal-to-noise ratio (SNR), Doppler velocity, and 

spectral width. 

 

We introduce initial observations of E- and F-region FAIs during the solar minimum (2009–2010) 

using the 40.8 MHz coherent backscatter radar at Daejeon (36.18°N, 127.14°E, 26.7°N dip latitude) in 

South Korea. In the E region, QP-type echoes appear in the post-sunset period above an altitude of 

105 km and continuous-type echoes appear in post-sunrise period around an altitude of 105 km (See 

Figures 3 and 4). The QP echoes occur intermittently with a quasi-period of 10–20 min and descend to 

lower altitudes as time progresses. The striations in the QP echoes show negative slopes on the time 

and altitude frame. While most of the characteristics of the E-region QP and continuous echoes 

observed at Daejeon are consistent with those observed by the MU radar in Japan, the height of the 

E-region QP and continuous echoes observed by the Daejeon radar is seen to be higher by about 5 km 

than that observed by the MU radar. 

 

In the F region, FAIs appear mostly at night in the altitude range of 250–450 km (See Figure 5). 

Most of these echoes look like patches that last for a few hours. In general, the height of the FAIs 

increases during pre-midnight and decreases during post-midnight. The duration of the F-region FAIs 

is typically a few hours at night, although, in rare cases, FAIs persist throughout the night. The 

F-region FAIs after sunrise are a new finding by the Daejeon radar. Striation and periodic variation of 

the striation direction of the FAIs are observed in the F region. The striations of negative and positive 

slopes on the time-height frame are consistent with observations of negative and positive Doppler 

velocities, respectively. The striation of the F-region echoes and the periodic variation of the Doppler 

velocity, depending on the direction of the striation, were also identified by the MU radar in Japan. 
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Figure 3. Range-time variation of (a) SNR, (b) Doppler velocity, and (c) spectral width of the 

E-region QP echoes observed on 24 February 2010. ‘S’ denotes the sunset time 

 

 

 
 

Figure 4. Range-time variation of (a) SNR, (b) Doppler velocity, and (c) spectral width of the 

E-region continuous echoes observed on 2 June 2010.  ‘R’ denotes the sunrise time. 
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Figure 5. Range-time variation of (a) SNR, (b) Doppler velocity, and (c) spectral width of 

F-region FAIs observed on 23–24 February 2010. 

 

 

 

(2) Occurrence climatology of F-region field-aligned irregularities in middle latitudes as 

observed by a 40.8 MHz coherent scatter radar in Daejeon, South Korea [J. Geophys. Res., 

120, 10,107–10,115, 2015]. 

 

The 40.8 MHz coherent radar in Daejeon, South Korea provided a unique data source for the 

statistical study of F-region FAI activity in the northern middle latitudes. We have investigated the 

characteristics and occurrence climatology of F-region FAIs by analyzing the Daejeon radar data 

acquired between 2010 and 2014. The new findings can be summarized as follows. 

 

1. We have identified a repeated occurrence of FAIs at specific LT and altitude zones, and have 

classified them as post-sunset FAIs (LT: 18:00–21:00 LT, altitude: 250–350 km), nighttime 

FAIs (LT: 21:00–03:00 LT, altitude: 350–450 km), pre-sunrise FAIs (LT: 02:00–05:00 LT, 

altitude: 250–350 km), and post-sunrise FAIs (LT: 05:00–09:00 LT, altitude: 160–300 km) 

(See Figure 6). 

2. The occurrence rate of post-sunrise FAIs is largest during the equinoxes, whereas the 

occurrence rate of nighttime FAIs is largest during summer. The occurrence rates of 

post-sunset and nighttime FAIs are greater than those of pre-sunrise and post-sunrise FAIs 

(See Figure 7). 

3. Post-sunset FAIs are the most pronounced feature in terms of the occurrence rate and SNR 

(See Figure 8).  

4. Post-sunrise FAIs often consist of two thin layers. 

5. The FAI occurrence tends to increase with an increase in solar flux (See Figure 9). 

6. The Doppler velocity and spectral width observed by the Daejeon radar are a few times 

smaller than those observed by the MU radar (See Figure 10). 

 

 

 

DISTRIBUTION A. Approved for public release: distribution unlimited.



 

 
 

Figure 6. The local time (LT)-altitude distributions of (a) the signal-to-noise ratio (SNR), (b) 

the Doppler velocity, and (c) the spectral width for the observations on 7 April 2013. 

Post-sunset, nighttime, pre-sunrise, and post-sunrise field-aligned irregularities (FAIs) are 

indicated by black boxes in Figure 6a. 

 

 

 

 
 

Figure 7. Distribution of the field-aligned irregularity (FAI) occurrence rate during (a) spring 

(February, March, April), (b) summer (May, June, July), (c) fall (August, September, October), 

and (d) winter (November, December, January). 
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Figure 8. The local time (LT)-altitude distributions of (a) the mean SNR, (b) the mean 

Doppler velocity, and (c) the mean spectral width.  

 

 

 
 

Figure 9. (a) F10.7 index and Daejeon radar observation days. Yearly variation of post-sunset 

(red bars), nighttime (blue bars), pre-sunrise (yellow bars), and post-sunrise (green bars) 

field-aligned irregularities (FAIs) during (b) spring, (c) summer, (d) fall, and (e) winter. 

DISTRIBUTION A. Approved for public release: distribution unlimited.



 

 
 

Figure 10. (a) The local time (LT)-altitude distributions of the signal-to-noise ratio (SNR) on 

five nights. (b) The relationship between the Doppler velocity and spectral width for nighttime 

field-aligned irregularities (FAIs) indicated by black boxes in Figure 10a. 

 

 

Our knowledge of FAIs in the middle latitudes relies on the observations by the MU radar. In 

comparison with the MU radar observations, some features are seen only by the Daejeon radar. 

Significant differences in the FAI characteristics also exist between the Daejeon and MU radar 

observations. In this section, we discuss the similarities and differences of the two radar observations. 

 

For Daejeon radar observations, we were able to divide the FAIs into four types, depending on 

their occurrence with respect to the LT and altitude coordinates. In previous studies with MU radar 

observations [Fukao et al., 1988, 1991], however, FAIs appeared only between 21:00 and 04:30 LT. 

The FAIs at this time interval correspond to nighttime and pre-sunrise FAIs. In other words, 

post-sunset and post-sunrise FAI features did not appear in the MU radar observations. The absence of 

those FAIs in the MU radar observations may not be attributed to the longitudinal or latitudinal 

variability of the FAIs, because the differences of the geographic longitude and latitude between the 

Daejeon and MU radar locations are only 8.96º and 1.29º, respectively. Considering the fact that the 

occurrence rate of those FAIs during summer is less than 10%, it is possible that those FAIs did not 

occur during the campaign periods of the MU radar.  

         

Because the MU radar has been operated sparsely, the MU radar observations were not able to 

produce the FAI distributions shown in Figure 7. Fukao et al. [1991] briefly explained that FAIs were 

detected more frequently during summer than during other seasons, but the occurrence statistics were 

not presented. Consistent with this statement in Fukao et al. [1991], our results show that the 

occurrence rate of FAIs during summer is greater than that during other seasons when nighttime FAIs 

are considered. However, post-sunset FAIs behave differently, and their occurrence rate is maximal 

during the equinoxes.  

 

One might expect a higher FAI occurrence rate during a period of lower solar activity because of 
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the fact that MSTIDs (medium-scale traveling ionospheric disturbances), which are known as an 

important source of middle-latitude FAIs, have been detected more frequently during a solar minimum 

than during a solar maximum [Amorim et al., 2011; Candido et al., 2008; Duly et al., 2013; Kotake et 

al., 2006, 2007; Martinis et al., 2010; Otsuka et al., 2011, 2013]. In fact, Fukao et al. [1991] briefly 

stated that they observed the FAIs more frequently during a period of low solar activity than during a 

period of high solar activity. However, our results show an increase in the FAI occurrence rate with an 

increase in solar activity. This result may provide a clue as to the source of the middle-latitude FAIs. 

Middle-latitude F-region FAIs are often explained in association with MSTIDs [Otsuka et al., 2009]. 

The high occurrence rate of the FAIs during summer is consistent with the high occurrence rate of 

MSTIDs during summer. However, the increase of the FAI occurrence rate with an increase in solar 

activity is inconsistent with the solar cycle dependence of the MSTID activity.  

 

In addition to MSTIDs, a plausible FAI source should show an increase in its activity with an 

increase in solar activity. Several studies have reported the association of F-region FAIs with the E 

region [Yokoyama and Hysell, 2010; Yokoyama et al., 2009]. The numerical simulation results of 

Yokoyama et al. [2009] showed that sporadic E (Es)-layer instability plays a major role in seeding the 

structure of electron density in the F region. Considering the close connection between meteors and Es 

[Haldoupis et al., 2007], as well as the increasing tendency of the meteor count with an increase in 

solar activity [Šimek and Pecina, 2002], Es can indeed be a plausible candidate for the source of the 

FAIs. The high occurrence rate of FAIs during summer is also consistent with the peak occurrence 

rate of meteors during summer. We are not able to verify the correlation between the F region FAIs 

and Es (or E region FAIs) because no observation is available at the footprint of the F region in North 

Korea. In comparison with the E region FAIs observed over South Korea by the Daejeon radar (not 

shown), the high occurrence rates of the E- and the F-region FAIs in summer are consistent. However, 

the solar cycle dependence of the E- and the F-region FAIs is inconsistent. The coupling between the 

E- and the F-region FAIs is difficult to assess using the Daejeon radar observations because the E 

region FAIs are not observed exactly at the footprint of the F region FAIs. We postpone the 

investigation of the coupling between the E- and the F-region FAIs after we have knowledge of the 

spatial variability of the E region FAIs. 

 

Finally, we point out the difference of the Doppler velocity and spectral width between the two 

radar observations. In MU radar observations, the Doppler velocity of the FAIs varies between −100 

and 200 m/s, and the spectral width ranges between 5 and 50 m/s. However, the Doppler velocity and 

spectral width of the FAIs observed by the Daejeon radar are smaller about 3~5 times compared with 

those observed by the MU radar. The coordination of a simultaneous operation of the Daejeon and 

MU radars in the future will be an effective way to clarify such discrepancies, and also to identify the 

variability of the FAI in the local region. 

 

 

 

(3) First report on the afternoon E-region plasma density irregularities in middle latitude 

[submitted to ASR] 

 

The In this paper, for the first time, we report the afternoon observations of the mid-latitude 

E-region FAIs made by the Daejeon radar. Figures 11a-11c present the range-time variations of SNR, 

Doppler velocity, and spectral width between 09:00 and 23:00 LT on 22 June 2011. Echo height is on 

the right side and is obtained by multiplying Cos 48° (=0.669) by the echo range. For the morning 

time from 09:00 to 10:00 LT, the weak continuous type echoes (SNR ≤ 10 dB) are found at altitudes 

between 105 and 110 km. In the post-sunset period just after sunset (20:25 LT), strong QP type echoes 

(maximum SNR ~ 30 dB) are observed at about 120 to 140 km altitude. While the characteristics of 

the post-sunrise continuous and post-sunset QP echoes in middle latitudes have already been known 

from the MU radar observations [e.g., Yamamoto et al., 1991, 1992, 1994; Ogawa et al., 1995, 2002], 

little was known about the mid-latitude E-region echoes in the afternoon from noon to sunset. Indeed, 

although radar probing of the mid-latitude E-region ionospheric electron density irregularities has 

been carried out for several decades, no the afternoon E-region FAIs in middle latitude have been 

reported yet. In Figure 11a, however, at Daejeon, very strong continuous-like type afternoon echoes 

are seen at about 100 to 135 km altitude with thickness of 35 km, centered at the altitude of about 115 

km, from 14:00 to 20:30 LT. The maximum SNR of the echoes is ~30 dB. This value is similar to that 
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of the post-sunset QP echoes and is stronger than that of the post-sunrise continuous echoes. In Figure 

11b, The Doppler velocities are almost positive except for them between 16:00 and 17:30 LT, 

indicating that FAIs are moving away from the radar (or upward velocities). The absolute magnitude 

of the Doppler velocities of the afternoon echoes is mostly less than 30 m s−1. This magnitude is 

smaller than that in the post-sunset QP echoes and is similar to that of the post-sunrise continuous 

echoes. In Figure 11c, the spectral widths of the Doppler velocity of the afternoon echoes are mostly 

very low (maximum spectral width ~ 10 m s−1). This magnitude is smaller than those of the 

post-sunset QP and the post-sunrise continuous echoes. 

 

 

 
 

Figure 11. Range-time variations of (a) signal-to-noise ratio (SNR), (b) Doppler velocity and (c) 

spectral width of the E-region irregularities observed on 22 June 2011. Vertical dotted line represents 

sunset time in the E region. 

 

 

Figure 12 illustrates the seasonal percentage occurrence of the afternoon E-region FAIs as a 

function of local time observed from the Daejeon VHF radar for spring (March, April, May), summer 

(June, July, August), fall (September, October, November), and winter (December, January, February) 

seasons during 2011-2012. It is observed that the occurrence of afternoon E-region FAIs has a strong 

seasonal dependence with maximal occurrence during summer season, minimal occurrence during 

winter season, and moderate occurrence during equinox season. The afternoon E-region FAIs for 

summer season is more likely to occur at 12-20 LT with a peak occurrence (~29 %) around 19-20 LT. 

For winter season, the peak occurrence (~5 %) of afternoon E-region FAIs is seen around 15-16 LT. 

The occurrence of afternoon E-region FAIs for equinox is higher than one for winter solstice, which is 

particularly due to the enhanced occurrence of afternoon E-region FAIs during autumnal equinox. 

 

 
Figure 12. Seasonal percentage occurrence of the afternoon E-region FAIs as a function of local time 

observed at Daejeon, South Korea, during 2011-2012. 
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Figures 13a-13d present percentage distributions of the SNR, Doppler velocity and spectral width 

and height of the afternoon E-region FAIs observed from the Daejeon VHF radar during 2011-2012. 

The SNRs vary between −10 and 35 dB, with maximum occurrence probability as high as 29% about 

−10 dB. Doppler velocities are found to be mostly within ±40 m s−1, with maximum occurrence 

probability as high as 38% about −10 m s−1. Most spectral widths are close to zero. This indicates that 

the strong irregularities are not related to turbulent plasma motions. The afternoon E-region FAIs 

occur around 100-135 km altitudes. 

 

 

 
Figure 13. The percentage distributions of (a) SNR, (b) Doppler velocity, (c) spectral width, and (d) 

height of the afternoon E-region FAIs during 2011-2012. 

 

 

Here we investigate the relationship between the afternoon E-region FAIs at a middle latitude and 

variations of the Es layers. For this purpose, we present variations of the Es parameters observed from 

Icheon ionosonde and compare these with the variations of FAIs observed over Daejeon. In Figures 

14a and 14b, we present examples of SNR of afternoon E-region FAIs observed by the Daejeon radar 

and the virtual height of Es (h’Es) by Icheon ionosonde on 22 June and 28 July 2011. Color contours 

represent the range-time SNR maps of the afternoon E-region FAIs and circle-solid lines in green 

color represent h’Es. These figures clearly show that the average height of h’Es falls mostly in the 

height range of 105-110 km and these heights will be 5-10 km greater than the FAI bottom side. The 

high altitude values commonly observed during daytime can be attributed to the group retardation 

effect on the HF frequencies during daytime due to underlying ionization. Lee et al. [2000] found the 

virtual height of Es in the range of 100-110 km and considered that these heights will be 5-10 km 

greater than true heights depending on the underlying ionization. 

 

 

 
Figure 14. Observations of the afternoon E-region FAIs and Es on (a) 22 June 2011 and (b) 28 July 

2011. Color contours and circle-solid lines in green color represent range-time SNR maps of the 

afternoon E-region FAIs and h’Es for each day, respectively. 
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According to recent studies on the interpretation of mid-latitude Es [Hussey et al., 1998; 

Maruyama et al., 2006; Ogawa et al., 2002], the top frequency (ftEs) corresponds to either local 

maximum electron density in a non-uniform layer or peak electron density in a spatially uniform layer 

and the blanketing frequency (fbEs) corresponds to the minimum value among the peak electron 

densities in a layer. For a non-uniform Es layer, the difference between ftEs and fbEs is shown to be 

related to irregularities present in the Es layer, albeit at large scale than those observed by VHF radars. 

In this study, we have used ftEs and fbEs as a representative of the maximum and minimum values of 

peak electron densities in the Es layer, respectively; and (ftEs - fbEs) as representative of irregularities. 

Figure 15 shows seasonal and local time distributions of Es parameters and observed from Icheon 

ionosonde and peak SNR of the afternoon E-region FAIs observed from Daejeon radar in 2011 and 

2013. In these figures, we have shown ftEs in the top panels, fbEs in the second panels, (ftEs - fbEs) in 

the third panels, and peak SNR of the afternoon E-region echoes in the bottom panels. In regard to 

relationship of afternoon FAIs with Es activities, as is evident from these figures, SNR of the 

afternoon E-region FAIs are poorly correlated with both ftEs and fbEs and fairly well correlated with 

(ftEs - fbEs). Almost no correlation found between FAIs and fbEs suggests that commonly occurring 

blanketing Es is not sufficient for the generation of afternoon irregularities in the mid-latitude E region. 

Instead, it suggests that large values of (ftEs - fbEs) enhance the SNR of FAIs, suggesting that patchy 

type Es structures must be responsible for the excitation of irregularities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. (a-c) Seasonal and local time distributions of the three Es parameters (ftEs, fbEs and 

ftEs-fbEs) observed from Icheon ionosonde and (d) peak SNR of E-region FAIs observed from Daejeon 

VHF radar in 2011 and 2013. 
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Using the MU radar and ionosonde from Shigaraki in Japan, Yamamoto et al. [1992] found that 

the QP radar echoes from the mid-latitude E region in the nighttime correlated with Es activity. Also, 

based on simultaneous observations of FAIs and Es from middle latitude, Ogawa et al. [2002] and 

Maruyama et al. [2006] found good correlation between the QP radar echoes and the enhanced value 

of (ftEs - fbEs). Yamamoto et al. [1992], however, found that the radar echoes from the mid-latitude E 

region were not detected in the summer afternoon when ionosonde observed maximum Es activity. 

Similar results have been reported from Chung-Li, Tiwan [Lee et al., 2000]. On the other hand, 

E-region observations from Daejeon VHF radar and Icheon ionosonde clearly show that afternoon 

FAIs are detected significantly, especially in summer season, and are correlated with Es (especially, 

ftEs - fbEs). Based on these different observations in mid-latitude E region, the generation of FAIs is 

closely related to localized density gradients within the Es layer that provide favorable conditions for 

the growth of instability. 
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